Influence of fabrication technology on field electron emission properties of nanoporous carbon (NPC) was investigated. Samples of NPC derived from different carbides via chlorination at different temperatures demonstrated similar low-field emission ability with threshold electric field 2-3 V/ m. This property correlated with presence of nanopores with characteristic size 0.5-1.2 nm, determining high values of specific surface area (>800 m 2 /g) of the material. In most cases, current characteristics of emission were approximately linear in Fowler-Nordheim coordinates (excluding a low-current part near the emission threshold), but the plots' slope angles were in notable disagreement with the known material morphology and electronic properties, unexplainable within the frames of the classical emission theory. We suggest that the actual emission mechanism for NPC involves generation of hot electrons at internal boundaries and that emission centers may be associated with relatively large (20-100 nm) onion-like particles observed in many microscopic images. Such particles can serve two functions: to provide additional "internal" enhancement of the electric field and to inhibit relaxation of hot charge carriers due to the "phonon bottleneck" effect.
Introduction
In the recent decade, the carbon-based field emitters developed into a promising option for diverse practical applications [1, 2] . Initially, carbon nanotubes were the nanocarbon form that attracted the most part of attention. However, the technological processes for controlled growth of aligned nanotube arrays remain relatively expensive. Furthermore, the problem of their degradation under operational conditions has not yet been solved [3] [4] [5] [6] , and all efforts directed to its solution yielded only limited success. These drawbacks expand the focus of emission investigations onto other types of nanocarbon-with relatively smooth surface topography, heterogeneous composition, and (more or less) disordered structure. The phenomenon of low-field electron emission for such materials cannot be explained by the classical FowlerNordheim (FN) theory, so a few principally different emission models were proposed for them in the past years [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Most commonly, the models involve a multistage tunnel transfer of electrons via domains with different electronic properties [2, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
In the presented work, we investigated field-emission properties of nanoporous carbon (NPC) [27] [28] [29] [30] [31] [32] [33] [34] -one of all-carbon materials with disordered nanoscale structure. Due to developed pore/skeleton interface, homogeneity of pore size, strong adsorption ability, relatively high electric conductivity, and mechanical strength, the NPC materials give considerable promise for diverse applications, including manufacture of field electron emitters [35] for microwave, light, and X-ray sources, plasma devices, space thrusters, and microelectronic components and gauges. NPC structure can be efficiently controlled via parameters of fabrication process, and our work was initially focused on investigation of correlation between structural and emission properties of this nanocarbon. Such data may be used to propose a relevant model of low-field electron emission from NPC and further to develop a technology for fabrication of competitive cold cathodes on the basis of this material. 
Sample Preparation and Morphology
Samples of nanoporous carbon were fabricated by hightemperature chlorination of carbide powders which led to chemical removal of all noncarbon atoms and breaking of all chemical bonds. Grains of the resulting all-carbon material inherited outer shapes and volume from the initial carbide powder, but the material's structure became much more complicated-comprised of graphitic, diamond-like, and disordered domains and pores. We took different primary carbides and varied chlorination temperature to obtain samples with different structure and properties. The samples were studied by the methods of X-ray diffraction, adsorption analysis, helium pycnometry, and electron and atomic force microscopy (SEM, TEM, and AFM). Detailed description of production and characterization procedures may be found elsewhere [32, 33] . Typical structural parameters of NPC samples produced from carbides of metals (Zr, Ti, and Mo) and boron are listed in Table 1 and demonstrate diversity of the investigated NPC species. For the products of chlorination of B 4 C and Mo 2 C, the mean pore size was approximately 5 times greater than that for derivatives of ZrC and TiC. As a result, the apparent density in the latter case was almost two times greater, while the values of pycnometric density (i.e., density of carbon skeleton, with volume of the pores excluded from consideration) for all samples were close to the density of graphite.
Silicon carbide was also used for fabrication of NPC samples. The process of its chlorination was performed at different temperatures. Parameters of different NPC specimens originating from silicon carbide are given in Table 2 . The pore size composition for them was less homogeneous and it changed with variation of chlorination temperature. In the samples prepared at relatively low temperatures (700-900 ∘ C), the pore size was close to 1 nm. If the treatment temperature was higher (1200 ∘ ), larger pores appeared and the sample density (in both definitions) decreased, apparently due to higher chlorine etching efficiency in respect to carbon atoms. After treatment at 2000 ∘ C, only large pores (mesopores) remained in the sample; the carbon skeleton lost more than a half of its mass and underwent reconstruction with dramatic reduction of specific surface area.
Microscopic images gave more detailed information on the structure of investigated NPC samples. All the largescale SEM images of samples' surface were similar to the one presented in Figure 1 and showed m-and sub-m-sized irregular particles, presumably retaining their outer shapes from original carbide powders. 
Emission Properties
Emission properties of NPCs were tested in the layout described previously in [35] . The emitter samples were prepared by deposition of NPC powders at metal substrates. The electric field was applied to a sample using a cylindrical flat-top tungsten anode, 6 mm in diameter, in vacuum better than 10 −6 Torr. The field gap width was typically 0.5 mm. It was possible to vary the sample temperature between 20 ∘ C and 400 ∘ C, to remove volatile contaminants and to improve emission properties via relatively soft thermofield treatment procedures [35] .
All investigated NPC species demonstrated comparable emission properties. Emission characteristics of the best samples of NPCs produced from different carbides are showed in Figure 3 . The threshold field (corresponding to appearance of a measurable current) was as low as 2-3 V/ m for all these samples. Unfortunately, other samples of the same series, fabricated in the same technological process, demonstrated much worse emission properties. This means that the technology we used remains relatively unstable and/or that emission parameters were often determined by poorly controlled features of the samples.
The emitters prepared from silicon carbide demonstrated similar emission properties for all chlorination temperatures (Figure 4 ), excluding the case of the highest temperature 2000 ∘ C. This special form of NPC with very low specific surface (see Table 2 ) never yielded any emission current in any of our experiments.
Being plotted in FN coordinates (Figures 3(b) and 4(b)), the emission characteristics were approximately linear. In accordance with the classical field-emission model, their slope angles may be used to calculate the combined parameter ( 3/2 / ), where is emitter work function and is field enhancement factor. For the showed plots, this parameter varies between 2.0⋅10 −3 and 6.5⋅10 −3 eV 3/2 . Taking = 4.5 eV (a typical value for various forms of carbon [14, 36, 37] ), we obtain estimates of the field enhancement factor between 1500 and 4500, which is obviously too high for the surface topography revealed by the microscopic studies. Furthermore, assuming more plausible value = 10, we can estimate the work function as = (0.07-0.16) eV. For a material with such work function, heating to 400 ∘ C would result in thermal emission with space-charge-limited current density >10 A/cm 2 , which definitely was not observed in the experiments. Thus, we can conclude that the experimental data apparently disagree with the FN emission mechanism.
Further disagreement might often be found at lowcurrent part of the measured I-V plots, near the emission threshold. Figure 5 represents a few typical emission plots with such features as shelves ( Figure 5(a) ) and even dips ( Figure 5(c) , the interval formally characterized by negative differential conductance) that reproduced themselves on both plot branches, measured in increasing and decreasing field. Such features appeared too frequently to result from random current fluctuations. Their reproducibility also excludes a number of possible explanations: thermal effects, removal of contaminant layers, and so forth. Deviations from the exponential law were most typical for emission current values below 3-5 A, but sometimes they were seen at much higher currents, as it is demonstrated in Figure 5(b) .
The contradiction between the observed "fine structure" at the low-current parts of I-V emission plots and smooth exponential growth at higher currents can be naturally explained by statistical averaging of individual emission characteristics of local emission centers, which may themselves have complicated shapes. Near the emission threshold we observed emission from a limited number of the most efficient centers [38] . As the field was being increased, this number grew and the individual features of emission were smoothed out. Thus, the performed experiments with different NPC species have demonstrated that they can efficiently emit electrons in relatively weak electric field, if only they have well-developed nm-scale structure characterized by large specific surface area of nanopores. As for many other forms of nanocarbon, the phenomenon of low-field emission and properties of emission characteristics cannot be adequately described by the Fowler-Nordheim theory, so probably the mechanism of direct electron transfer to the vacuum from the emitter Fermi level is irrelevant in this case.
Discussion
Some authors [38, 39] associate the phenomenon of lowfield emission from all forms of nanocarbon with the enhancement of electric field at high-aspect-ratio elements (nanotubes, nanowires, and fibers), even when these elements are not introduced intentionally and are present at the emitter surface in relatively low numbers as a technological contaminant. Even though this explanation may be correct for some of the discussed emitters, we think that in the NPC materials investigated in this work the emission mechanism is different. Besides the fact of low-field emission, the actual emission model for NPC has also to explain other experimentally observed (and described in this and previous publications, for instance, [40] [41] [42] ) features of emission behavior, including the following: (i) the reproducible "fine structure" of emission characteristics near the threshold field discussed above;
(ii) hysteresis of emission from NPC in pulsed field (at sub-s and even s time scale) described in previous publications [40] ;
(iii) results of independent definition of field enhancement factor ( ≈ 15) and energy position of "emitting" Journal of Nanomaterials electron states in NPC (the electron affinity ≈ 0.3-0.6 eV, i.e., much lower than work function for carbon = 4.5-5.0 eV), performed on the basis of emission characteristics in pulsed field [41] ; (iv) relatively wide (up to 1 eV) energy distributions of the emitted electrons [42] .
We think that all these features of emission from NPC may be explained in terms of the two-stage model of emission mechanism [2, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] with a few important modifications discussed below. According to this model, electrons are transferred from the emitter bulk electron states near Fermi level ( ) to vacuum not directly but in two successive steps via some (probably different for different materials) intermediate states localized near the emitter surface, with energies substantially higher than . If electrons are elevated onto such nonequilibrium states, they can be effectively emitted to vacuum because the surface potential barrier is lower in this case and more transparent for them than for electrons at Fermi level. Yet for realization of this emission mechanism, the following conditions must be satisfied:
(1) the applied electric field should penetrate into the emitter material to produce free energy that is necessary to elevate electrons to high-energy states (i.e., to generate hot electrons); (2) inside the emitter, the field should be concentrated internal boundaries to be able to provide some electrons with relatively large (eV-scale) additional energy; (3) the hot electrons should be able to propagate to the vacuum boundary and remain there for a considerable time without thermalization.
The available information on the NPC structure and properties suggests that all the listed conditions may be met in its case.
According to publications [29] [30] [31] [32] [33] [34] and our own microscopic data, the NPC is a porous conglomerate of small (1-2 nm) graphene sheets mixed with larger onion-like or graphitic-shelled particles, up to 50-200 nm in size. Electronic properties of the material are those of a p-type semiconductor [30] , which means nonzero band gap and Fermi level position near the valence band top. The excessive holes appear due to electron trapping at interface boundary states, and thus all the crystalline volumes are charged positively relative to their boundaries. Due to strong band bending, the nanodomains are separated from each other by tunnel junctions allowing external field to penetrate in the material.
Polarization of domains leads to enhancement of the applied field at the junctions ( Figure 6 ). The enhancement factor can be roughly estimated via solution of electrostatic problem considering a conductive sphere (the nanodomain) with radius placed at a small distance h (junction) from a conductive plane (the rest of the emitter). In this system, the electric field applied normally to the plane is locally increased by the factor 0 = /ℎ, where ≈ 0.5. For example, if the particle size is 80 nm and junction width is 0.4 nm, the additional internal field enhancement can reach 100, which may be sufficient for our model. A similar problem was investigated in [43] for ellipsoidal sp 2 particles in a:C layer at a conductive substrate, and enhancement factors up to 300 were considered. Potential difference between adjacent domains can reach 1 V in electric field with moderate magnitude <10 V/ m, and the electrons injected through the interface junctions will have energies much higher than the local Fermi level (Figure 6 ). However, to increase emission efficiency, these hot electrons have to reach the outer emitter boundary and remain in its vicinity for a relatively long time without relaxation. According to recent studies [44, 45] , such possibility appears if the considered medium is comprised of nanoparticles with size ∼30 nm or smaller. Electron relaxation time dramatically increases (in comparison with larger crystallites) due to so-called "phonon bottleneck effect" [46] [47] [48] associated with reduced density of states in conductance band of nanocrystals, leaving energy gaps between adjacent levels exceeding maximum phonon energy for this lattice. Therefore, the most efficient mechanism of energy lossesthe electron-phonon interaction-is practically excluded.
Recombination time for hot charge carriers grows to values exceeding 1 ns, which is more than sufficient for electrons injected from the "back" side of a surface-layer crystallite to propagate across the grain. If the relaxation is very slow, it can even explain the hysteresis of characteristics of emission in pulsed field observed in [40] .
So, all the necessary conditions for enhanced electron emission may be fulfilled due to the presence of conductive nanoparticles in the structure of NPC materials. These particles are presumably able to concentrate electric field at internal interfaces. This property "replaces" field enhancement at outer morphology elements of emitters based on nanotubes and fibers and can be even preferable for practical use-the region of concentrated field and current is protected from external impacts, such as ionic bombardment. On the surface, where these factors are present, the field is less concentrated, which can result in higher emitter durability. Another function of nanoparticles may consist in longtime conservation of hot electrons injected from the emitter bulk-not only at the bottom of the conductance band (as, for instance, in diamond), but also practically at any energy levels. Hence, the property of low affinity is not necessary for nanostructured emitters, and nanoparticles of sp 2 carbon can facilitate emission as well as diamond ones. The former may even be preferable, because broad band gap (in diamond) can hamper the process of generation of hot electrons at tunnel junctions if potential difference between adjacent grains is not large enough ( Figure 6 ).
Among other properties, the proposed model explains the complicated shapes of current characteristics of emission from nanocarbon materials, reported in this ( Figure 5 ) and many previous works. Spectra of allowed energy levels for nanoparticles are more complicated than for larger crystals. Hence, field dependency of the current injected into such a particle (domain) through a tunnel junction may be complex and even nonmonotonous (including "negativeconductivity" intervals), which would be reflected by its emission characteristics.
Conclusions
The performed investigation of emission properties of nanoporous carbon demonstrated that materials of this type are capable of low-field electron emission. Their emission properties showed relatively weak dependency of structural details determined by technology of their fabrication, for example, the composition of the original carbide and the temperature of chemical treatment. Among all the NPC samples tested in this work, the only exclusion made those produced from SiC in chlorination process performed at the highest temperature (2000 ∘ C). These samples lost their nanoscale structure and produced no emission current in the investigated range of field magnitudes. We explain the obtained results in terms of the two-stage emission model. We think that 20-200 nm graphitic particles observed at the surface of NPC samples can play the main role in the emission mechanism in two ways: (1) determining substantial enhancement of applied electric field at junctions separating them from the rest of emitter bulk and (2) providing conditions for conservation of nonequilibrium energy distribution of electrons injected into such particles through these junctions.
